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Crop  drying  is  essential  for  preservation  in  agricultural  applications.  It  is  performed  either  using  fossil 
fuels  in  an  artificial  mechanical  drying  process  or  by  placing  the  crop  under  the  open  sun.  The  first 
method  is  costly  and  has  a  negative  impact  on  the  environment,  while  the  second  method  is  totally 
dependent  on  the  weather.  By  contrast,  using  a  solar  dryer  is  comparatively  cheaper  and  more  efficient. 
Some  solar  dryers  run  without  electrical  grid  power  or  fossil  fuels.  This  paper  presents  the  state  of 
various  kinds  of  solar  dryers  that  are  widely  used  today.  The  indirect,  direct,  and  mixed  mode  dryers  that 
have  shown  potential  in  drying  agricultural  products  in  the  tropical  and  subtropical  countries  are 
discussed.  Aside  from  identifying  the  active  and  passive  mode  solar  dryers,  we  also  highlight  the 
environmental  influence  on  solar  energy  (harnessing)  that  plays  a  vital  role  in  the  solar  drying  sector. 
This  paper  also  presents  the  related  technologies  that  can  help  improve  existing  solar  dryers. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Most  developing  countries  are  unable  to  solve  their  food 
problems  for  the  entire  population  because  of  the  rapidly  increas¬ 
ing  number  of  people  in  their  respective  territories.  This  rapid 
population  increase  has  a  direct  impact  on  food  balance.  The 
quality  and  quantity  of  food  grains  are  deteriorating  because  of 
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poor  processing  techniques  and  shortage  in  storage  facilities. 
To  maintain  the  right  balance  between  food  supply  and  population 
growth,  reducing  food  losses  during  production  time  is  mandatory. 
However,  maximizing  the  food  production  capabilities  of  small 
farmers  in  rural  areas  is  difficult.  To  solve  the  problem,  drying  has 
become  one  of  the  main  processing  techniques  used  to  preserve 
food  products  in  sunny  areas. 

However,  traditional  open  sun  drying  has  some  disadvantages. 
For  the  past  few  years,  scientists  and  researchers  have  been  trying 
to  find  the  best  alternative  to  overcome  this  problem.  They 
invented  various  kinds  of  solar  dryers  for  agricultural  products 
and  have  continuously  worked  to  improve  these  dryers. 
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The  Earth  has  abundant  solar  radiation.  In  recent  years,  the  use 
of  solar  energy  has  become  more  popular.  Solar  energy  can  be 
used  in  various  processes  such  as  drying,  heating,  cooking,  and 
distilling.  In  terms  of  energy  application,  solar  energy  is  categor¬ 
ized  into  electrical  and  thermal  applications.  In  the  agricultural 
sector,  the  use  of  solar  thermal  systems  to  conserve  grains,  fruits, 
and  vegetables  is  feasible,  economical,  and  ideal  for  farmers  in 
many  developing  countries. 

In  the  two  stages  of  the  drying  process,  the  first  phase  occurs 
when  heat  is  applied  to  the  surface  of  the  drying  material  at  a 
constant  rate,  and  the  second  process  involves  decreasing  the 
drying  rate  [1  .  Using  a  solar  dryer  is  also  advantageous  for  drying 
foods,  vegetables,  and  grains  so  that  they  can  be  stored  for  a  long 
time.  Comparing  solar  drying  and  open  sun  drying,  the  former  has 
many  advantages  compared  with  the  latter.  For  example,  solar 
drying  increases  the  quality  of  products.  Solar  dryers  in  different 
sizes  and  types  are  used  to  dry  various  agricultural  materials. 
Therefore,  dryer  selection  is  very  important  in  this  sector  as  the 
economic  aspect  should  also  be  considered  [2  .  At  present, 
researchers  are  finding  ways  to  reduce  the  use  of  fuels  in  solar 
drying. 

Renewable  energy  can  play  an  effective  role  to  meet  energy 
demand.  Among  all,  solar  energy  is  most  reliable  and  environ¬ 
mental  friendly.  We  can  use  it  as  solar  PV,  solar  thermal  for 
pumping  and  drying  crops  in  agricultural  sectors  [3,4].  Drying  is  an 
essential  process  in  the  conservation  of  agricultural  products.  In 
the  drying  sector,  the  supply  and  demand  of  energy  is  an 
important  consideration.  Solar  energy  storage  can  minimize  the 
gap  between  supply  and  demand  in  this  case.  At  steady  state 
conditions,  more  efficient  and  cost-effective  dryers  play  a  vital  role 
in  substituting  for  the  demand  for  fuel  in  many  developing 
countries.  Solar  drying  has  very  few  barriers  that  can  be  improved 
and  is  already  being  applied  in  the  agricultural  sector  with  positive 
results. 

Having  a  solar  storage  system  is  important  in  energy  conver¬ 
sion  and  is  responsible  for  drying  many  agricultural  products  even 
when  direct  sunlight  is  not  available  [5  .  Although  many  agricul¬ 
tural  food  products,  such  as  fruits,  grains,  and  vegetables  are  often 
dried  under  the  open  sun,  this  method  can  lead  to  reduced  quality 
and  quantity  [6].  Among  all  renewable  energy  sources,  such  as  air, 
wind,  and  water,  solar  energy  has  the  least  impact  on  the 
environment.  Therefore,  in  many  tropical  and  subtropical  areas 
in  the  world,  open  sun  drying  is  still  used.  However,  despite  the 
fact  that  it  is  inexpensive,  the  final  quality  of  the  dried  products  is 
not  up  to  international  standard.  Open  sun  drying  also  has  other 
disadvantages.  First,  it  is  labor  intensive  [7-9].  Second,  the 
products  being  dried  can  be  spoiled  because  of  rain,  wind, 
moisture,  and  dust.  Third,  the  quantity  of  the  product  may  be 
reduced  when  birds,  animals,  or  insects  “attack”  the  products 
being  dried.  Fourth,  this  process  fully  depends  on  excellent 
weather  conditions. 

As  alternatives,  appropriate  drying  technologies  can  be  used  so 
that  the  product  quality  can  be  improved  and  product  losses  can  be 
reduced.  Solar  drying  is  the  best  alternative  that  can  help  improve 
the  quality  of  products  [10,11  .  One  example  is  presented  by  Barnwal 
and  Tiwari  (2008)  [12],  who  developed  a  photovoltaic  (PV)  green¬ 
house  thermal  dryer  for  seedless  grapes.  In  their  system,  they 
calculated  the  evaporation  of  moisture,  surrounding  grape  tempera¬ 
ture,  ambient  air  humidity,  and  greenhouse  temperature  to  examine 
heat  and  mass  transfer.  They  obtained  satisfactory  results  [12]. 

During  the  drying  period,  maximum  SR,  maximum  efficiency, 
and  minimum  moisture  content  at  ambient  temperature  and 
humidity  should  be  considered.  In  the  previous  studies,  some  AI 
techniques  such  as  artificial  neural  network,  genetic  algorithm, 
web-based  expert  system,  fuzzy  logic  and  neuro-fuzzy  inference 
systems  etc.  are  used  to  obtain  the  optimal  range  of  solar  radiation 


that  can  increase  the  drying  rate.  Experimentally,  it  has  been 
proven  that  such  techniques  are  used  in  predicting  the  dryer 
operation  and  obtaining  excellent  output. 

In  drying  system  the  equilibrium  theoretical  model  does 
enhance  the  understanding  of  the  physics  of  moisture  sorption. 
Purely  empirical  equations  for  specific  conditions  offer  better 
alternatives  until  fairly  accurate  theoretical  or  semi-theoretical 
models  are  developed.  The  models  have  fallen  short  of  predicting 
accurately  the  exact  processes  involved  in  drying,  due  to  over 
implication  of  assumptions.  These  models  for  specific  products 
and  conditions  offers  better  predictions.  In  this  study  some 
established  moisture  equilibrium  models  are  mentioned. 

The  isothermal  moisture  equilibrium  theory  by  Langmuir  [13] 
is  based  on  the  classical  kinetic  model  of  balance  of  evaporation 
and  condensation  rates  of  vapor  for  a  monolayer  of  water  vapor  on 
the  internal  surface  of  materials.  This  gives  the  volume  of  water 
absorbed  by  a  product  isothermally  at  a  vapor  pressure  Pv  as 


Vv  =  vm 


bPv 

(1  +  bPv) 


A  model  by  Kelvin  [14  which  considers  moisture  absorption  in 
a  solid  based  on  capillary  condensation  within  the  pores  of  the 
material.  The  Kelvin  equation  expresses  the  relationship  between 
the  vapor  pressure  over  a  liquid  in  a  capillary  and  the  saturated 
vapor  pressure  at  the  same  temperature  as 


2crV  cos  a 
r'R0T 


Harkins  and  Jura  [15],  based  on  the  theory  of  an  existence  of  a 
potential  field  above  the  material  surfaces,  considers  a  balance 
between  the  work  required  to  absorb  or  desorb  a  molecule  of 
water  and  the  sum  of  work  against  the  potential  field  in  bringing  a 
vapor  molecule  to  the  surface  and  the  energy  of  condensation. 

In  (Pv/Pvs)  =  d-e/Vv2  (3) 

Henderson's  semi-theoretical  model  16]  which  is  the  most 
versatile  moisture  equilibrium  model  yet,  expresses  the  relation¬ 
ship  between  the  equilibrium  moisture  content  and  equilibrium 
relative  humidity  at  a  given  temperature  as 

\-(f)  =  e~K™e  (4) 


In  solar  drying  system  the  condition  of  solar  activity  is  very 
important.  Solar  activity  depends  on  many  forms  of  transient 
behavior  of  sun,  specially  its  atmosphere,  which  depends  upon 
magnetism.  A  deep-seated  dynamo  mechanism  produces  the 
sunspot-scale  fields,  but  in  the  quiet  Sun  other  effects  may  play 
a  role  as  well  17]. 

Solar  activity  depends  on  some  phenomena  such  as  sunspots 
which  are  magnetic  storms  on  the  surface  of  the  sun,  solar  flares 
that  are  intense  blooms  of  radiation,  coronal  mass  ejections  that 
bursts  of  solar  material  that  shoot  off  the  sun's  surface.  In  24  h 
solar  cycle,  two  types  of  radiations  are  found:  solar  minimum 
cause  due  to  weak  solar  activity,  galactic  cosmic  ray  and  solar 
maximum  cause  when  sun's  global  magnetic  field  is  about  to 
reverse  polarity.  In  drying  sector,  the  maximum  solar  gives  the 
maximum  efficiency  18]. 

Application  of  automatic  control  systenm  in  drying  sector  cab 
be  justified  by  the  possible  reduction  of  manpower  as  well  as  by 
the  higher  reliability  compare  to  manual  control.  Basically  two 
types  of  control  system  used  in  dryer  such  as  open-loop  control 
system  and  closed  loop  or  feedback  control  system.  Open  loop 
control  is  used  when  the  input  parameters  should  be  constant  or 
in  case  when  the  feedback  control  is  not  good  enough.  It  is  also 
called  feed-forward  control  when  one  of  the  input  variables  is 
measured  and  used  for  adjusting  of  another  input  variable.  Colsed 
loop  control  is  automatic  control  system.  It  is  used  to  comparing  a 
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signal  feedback  from  the  output  with  an  input  reference.  It  is  also 
characterized  the  transent  response  of  the  output  due  to  some 
specific  variation  in  input.  The  variation  is  input  mainly  depends 
on  the  uncontroled  flow  and  temperatures  and  it  also  caused  in 
different  type  of  operations  19]. 

Altas  and  Sharaf  described  a  fuzzy  logic  controller  for  maximun 
solar  radiation.  An  on-line  fuzzy  logic  based  dynamic  search, 
detection  and  traking  controller  is  developed  to  ensure  maximum 
power  point  operation  under  excursions  in  solar  insolation, 
ambient  temperature  [20]. 


2.  Types  of  solar  dryers 

2.1.  Open  sun  drying 

The  most  common  drying  method  used  in  tropical  and  sub¬ 
tropical  countries  involves  spreading  the  crop  into  thin  layers  on 
trays,  covering  the  mats  with  shadow,  and  exposing  the  product  to 
wind  and  sun.  The  classifications  of  sun  drying  procedures  are 
created  based  on  the  stage  of  processing,  the  location  of  drying,  or 
the  apprehension  to  solar  radiation  (Fig.  1)  [21  . 

The  open  drying  process  is  not  suitable  for  large  amounts  of 
products  processed  by  large  firms.  Apart  from  the  disadvantages  of 
higher  cost  of  labor,  larger  area  requirement,  and  decreased  quality 
of  products,  it  also  involves  a  labor-intensive  process  before  the 
products  can  be  ready  for  storage  [22  .  Open  sun  drying  depends 
on  environmental  conditions,  such  as  solar  radiation,  wind,  and 
other  ambient  conditions  [23  .  It  usually  leads  to  the  deterioration 
of  the  products  because  of  many  detriments,  such  as  reduced 
quantity  due  to  the  wind,  wastage,  rainfall,  and  animal  and 
anthropological  impedance.  Storing  the  crop  during  the  night 
and  being  subjected  to  rain  under  a  shelter  can  lead  to  remoisten¬ 
ing.  As  the  drying  process  is  relatively  slow,  considerable  losses 
occur,  including  insect  infection,  enzymatic  reactions,  growth  of 
micro-organisms,  and  augmentation  of  mycotoxin,  which  causes 
an  ascertainable  reduction  in  product  quality.  Non-uniform  drying 
also  leads  to  the  degeneration  of  the  agricultural  products  during 
storage.  Serious  drying  problems  arise,  particularly  in  humid 
tropics  and  subtropical  areas,  where  agricultural  food  products 
have  to  be  dried  during  the  rainy  season. 

Its  many  disadvantages  has  led  sun  drying  to  be  replaced  with 
mechanical  dryers,  which  use  fossil  fuel  to  heat  drying  air  and 
electricity  to  force  dry  air  through  the  agricultural  products. 
However,  the  advantageous  application  of  solar  energy  to  high- 
temperature  solar  drying  systems  is  neither  technically  nor  cir¬ 
cumspectly  feasible  without  lowering  the  capacity  and  the  relia¬ 
bility  [24]. 


Jain  and  Tiwari  25]  studied  the  thermal  behavior  of  open  sun 
drying  and  developed  a  mathematical  model.  They  found  that  the 
rate  of  moisture  transfer  is  significantly  high  for  cauliflower  and 
potato  slice,  and  that  the  prediction  of  crop  temperature,  removal  of 
moisture  rate,  and  static  condition  of  air  temperature  are  due  to 
ambient  conditions.  Open  sun  drying  is  a  very  slow  process  and  can 
lead  to  considerably  huge  losses.  Products  dried  under  the  open  sun 
drying  usually  fail  to  reach  international  standard  quality. 

2.2.  Direct  solar  dryer 

As  previously  mentioned,  solar  drying  is  a  good  alternative  to 
open  sun  drying.  In  on-farm  drying  of  small  amount  of  fruits, 
crops,  and  vegetables,  the  tent  and  box  dryers  have  been  devel¬ 
oped,  using  locally  available  materials,  by  the  farmers  themselves. 
In  this  kind  of  solar  dryer,  a  transparent  cover  is  used  to  reduce 
heat  losses,  and  it  simultaneously  gives  the  product  assertive 
protection  from  rain  and  dust.  Aeration  required  for  removing 
the  evaporated  water  is  provided  by  ascending  air  forces.  However, 
in  this  type  of  process,  avoiding  infestations  is  impossible.  In  many 
countries,  very  few  numbers  of  farmers  are  able  to  produce  80%  of 
crops  during  production  time  [26  .  Miihlbauer  et  al.  [27]  studied 
box  and  tent  dryers  and  described  their  performance  in  his  work. 
He  found  that  their  low  capacity  limits  their  use. 

Fig.  2  demonstrates  the  drying  principle  of  direct  solar  dryers. 
The  best  example  of  a  direct-type  solar  dryer  is  a  box  type  or 
cabinet  dryer.  A  direct-type  solar  dryer  is  commonly  used  in  areas 
that  receive  direct  sunlight  for  longer  periods  during  the  day.  Here, 
the  drying  cabinet  is  constructed  from  1  cm-thick  pressed  wood 
and  is  fully  insulated  by  glass  wool  on  the  inside,  back,  and  bottom 
walls.  The  slanted  front  wall  is  covered  by  a  thick  glass  sheet  to 
allow  sunlight  to  pass  through.  This  transparent  wall  may  be 
covered  with  an  opaque  and  insulated  sheet  for  an  indirect  mode 
of  dryer  application.  The  back  side  of  the  dryer  has  exhaust  holes 
through  which  humid  air  is  sucked  out  by  a  fan.  The  lowest  part  of 
the  front  wall  is  made  in  such  a  way  that  it  can  redirect  hot  air 
from  the  solar  collector  into  the  chamber  using  a  centrifugal 
blower  [28]. 

Zomorodian  et  al.  discussed  a  new  method  of  using  a  direct 
solar  dryer,  i.e.,  cabinet  dryer,  in  which  solar  radiation  is  the  main 
source  of  energy  for  drying  the  products.  This  type  of  dryer  has 
three  parts:  the  collector,  the  drying  cabinet,  and  the  air  blower. 
The  absorption  of  solar  radiation,  crop  temperature  increase,  and 
discharging  of  long  wave  length  radiation  are  the  main  working 
phenomena  of  such  dryer.  The  temperature  inside  the  chamber 
increases  above  the  crops.  Direct  convective  temperature  losses 
are  then  reduced  to  ambient  levels  using  a  glass  cover,  which  is 
advantageous  for  increasing  crop  and  chamber  temperature. 
However,  this  type  of  solar  dryer  also  has  some  limitations.  For 


Fig.  1.  Classification  of  sun  drying  methods. 
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example,  the  crops  may  become  discolored  because  of  direct 
exposure  to  solar  cell  radiation.  Moisture  compression  inside  the 
glass  cover  also  decreases  its  transitivity  [29]. 

A  dryer  for  thin  layer  samples  of  rough  rice  was  investigated 
by  Ondier  et  al.  [30].  It  needs  low  temperature  and  low  rela¬ 
tive  humidity.  Experimentally  established  a  study  and  tested 
the  performance  of  the  air  flow  inside  a  solar  chimney  by  Maia 
et  al.  [31]. 

Al-Juamily  et  al.  constructed  and  tested  a  cabinet-type  solar 
dryer,  which  has  a  solar  collector,  a  cabinet,  and  a  blower.  In  this 
dryer,  the  temperature  is  the  main  factor  that  dries  out  the  crops. 
The  relative  humidity  is  also  small.  However,  its  solar  drying 
technology  is  affected  when  sunlight  is  not  available  [32  . 

2.3.  Indirect  solar  dryer 

In  an  indirect  solar  dryer,  the  sun's  heat  is  first  collected  by  the 
solar  collectors  and  is  then  passed  onto  the  dryer  cabinet,  where 
the  drying  occurs.  Based  on  this  concept,  Goyal  and  Tiwari  [33] 
designed  a  reverse  observer  dryer  shown  in  Fig.  3.  The  solar  air 
that  enters  the  chamber  is  heated  and  is  then  made  to  pass 
through  over  the  wet  crops.  The  air  heaters  are  connected. 
The  basic  concept  of  reverse  flat  plate  collector  is  used  to  dry  food 
products  in  a  solar  cabinet-type  dryer.  Here,  a  solar  air  heater  is 
used  to  heat  the  air  that  enters  the  chamber  [22  .  The  heated  air 
then  turns  into  warm  humid  air,  which  passes  through  an  outlet. 
This  kind  of  dryer  is  better  than  other  dryers  in  terms  of  solving 
various  equations  based  on  energy  balance.  It  also  has  better 
performance  than  other  conventional  cabinet  type  of  dryers. 

Sharma  et  al.  examined  the  performance  of  an  indirect-type 
solar  dryer  and  found  that  under  hostile  weather  situations,  the 
dryer  is  still  capable  of  giving  good  output.  Moreover,  it  is  ideal  for 
small  farms  because  of  its  low-cost  requirements.  The  dryer 
contains  a  flat  plate  collector,  a  drying  chamber,  and  thermally 
and  acoustically  insulated  pipes  joined  between  the  collector  and 
chamber.  Under  unfavorable  weather  situations,  this  drying  unit 


can  still  produce  good  quality  products.  It  is  available  mostly  for 
small  farms  because  of  its  low  investment  [34]. 

Sharma  et  al.  also  reported  the  basic  construction  and  overall 
performance  of  an  indirect-type  multi-self-dryer  for  fruits  and 
vegetables  in  another  study  [35].  This  study  shows  that  high- 
quality  dried  products  can  be  obtained  by  increasing  apparent 
drying  rate  and  drying  efficiency.  A  mathematical  model  was 
established  by  simplifying  Fields  equations,  diffusion  theory  and 
it  resulted  in  a  very  satisfactory  output.  In  this  kind  of  drying 
process,  the  chamber  temperature  and  thickness  of  the  drying 
samples  are  the  main  factors  to  be  considered  [36]. 

El-Sebaii  et  al.  designed  and  tested  an  indirect  type  of  natural 
convectional  dryer  that  uses  an  absorber  plate.  They  recorded  the 
solar  radiation,  distribution  of  temperature  in  various  parts  of  the 
drying  system,  and  relative  humidity.  They  found  that  drying  time 
is  eminently  decreased  by  the  storage  and  chemical  pretreatment 
of  drying  crops  [37]. 

2.4.  Mixed-mode  solar  dryer 

The  isometric  illustration  of  a  mixed-mode  dryer  is  shown  in 
Fig.  4.  The  mixed-mode  solar  dryer  has  no  moving  parts,  which  is 
why  it  is  called  the  passive  dryer.  This  type  of  dryer  acquires 
energy  from  the  rays  of  the  sun  that  enters  through  the  collector 
lustering.  The  inside  surface  of  the  collector  is  painted  black,  and 
the  sun's  rays  are  harnessed  by  trapping  the  heat  of  the  air  that  is 
collected  inside  the  chamber.  A  previous  study  that  examined  the 
design  and  performance  of  this  kind  of  solar  dryer  verified  the 
accelerated  drying  process  and  its  ability  to  dry  agricultural 
products  by  quickly  reaching  better  conditional  moisture  level, 
thus  making  it  ideal  for  food  preservation  [38].  Simate  discussed 
the  basic  concepts  by  involving  computer  modeling  for  mixed¬ 
mode  solar  dryers  [39]. 

Fig.  5  shows  the  essential  features  of  the  mixed-mode  solar 
dryer.  This  kind  of  dryer  consists  of  a  separate  solar  collector  and  a 
drying  unit.  A  transparent  cover  is  affixed  on  top  of  the  dryer,  the 
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Fig.  2.  Direct  solar  dryer. 
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solar  collector,  and  the  drying  unit.  The  collector  receives  the  solar 
radiation.  Exell  and  Kornsakoo  introduced  a  cheap  and  simple 
mixed-mode  dryer  for  farmers  [7  .  This  kind  of  dryer  is  often  used 
for  drying  crops  in  the  wet  season. 

Bala  and  Woods  developed  a  solar  dryer  using  the  basic 
concept  of  simulation  computing  method  to  obtain  optimal 
dimensions  [41  .  A  previous  technology  for  drying  grains  using 
solar  energy,  in  which  inlet  air  is  heated  and  then  passed  through 
over  grains  by  a  fan,  has  been  improved  by  Brenndorfer  et  al.  [42]. 

A  mixed-mode  type,  box  type,  and  open  floor-type  solar  drying 
systems  for  rough  rice  have  been  reported  by  Zaman  and  Bala. 
They  also  presented  some  equations  on  natural  air  flow,  which  has 
a  major  impact  on  calculating  the  values  used  in  this  kind  of 
drying  system.  Drying  temperature  and  moisture  constant  are  the 
most  important  variables  for  controlling  the  drying  rate.  Compar¬ 
ing  the  three  kinds  of  dryers,  the  mixed-mode  dryer  is  the  best  of 
the  three  because  it  has  the  highest  drying  rate,  followed  by  the 
box  dryer  [43  . 

An  active  mixed-mode  dryer  for  drying  rough  rice  has  been 
designed,  tested,  and  evaluated  by  Zomorodian  et  al.  Their  drying 
system  features  a  drying  chamber,  an  inlet  and  outlet  bin,  and  a 
plenum  chamber.  This  system  consists  of  two  experimental 
applications.  Mass  flow  rate  and  discharge  interval  time  were 
examined  by  both  the  first  and  the  second  applications.  Moisture 
content  was  included  in  the  second  one.  Based  on  the  results,  they 
found  that  the  mass  flow  rate  effect  and  discharge  rate  of  crop 
drying  are  good.  Moreover,  this  system  gives  satisfactory  results  in 
terms  of  drying  efficiency  and  moisture  content.  The  maximum 
efficiency  of  the  system  was  recorded  at  21.24%,  and  the  energy 
consumed  during  the  drying  process  was  6-8%.  Final  moisture 
content  was  13%  at  ambient  temperature  (25  °C)  [44  . 


Warm  humid  airoutlet 

Warm  humid  air 

Paddy 

Hot  air 

Burnt  rice  husk 


A  simple  mixed-mode  solar  dryer  has  been  designed  and  devel¬ 
oped  in  another  work.  This  system  is  driven  by  the  principle  of 
thermal  test  procedure  and  is  suitable  for  indoor  drying  experiments 
for  cylindrical  potato  samples.  This  kind  of  dryer  can  be  used  in 
upgrading  the  performance  level  in  terms  of  gaining  the  minimum 
moisture  content  ratio  during  drying  time  [45]. 

For  a  solar  assisted  crop  drying  system  a  mathematical  design 
was  proposed  by  Santos  et  al.  [46]  which  assessing  the  combina¬ 
tion  of  solar  collector  area  and  energy  needs  that  meets  the 
requirement  of  load. 

Bala  et  al.  also  discussed  the  performance  study  of  a  solar 
tunnel  dryer  for  jackfruit  bulbs  and  leather.  They  used  artificial 
neural  network  to  predict  the  potentiality  of  the  dryer  47]. 


2.5.  Natural  convection  solar  dryer  (passive  mode  solar  dryer) 

A  natural  convection  solar  dryer  needs  minimum  expenditure 
for  controlling  the  drying  temperature.  However,  its  drying  rate  is 
limited.  This  kind  of  solar  dryer  obviously  plays  a  vital  role  in  the 
drying  sector  because  of  its  low  cost.  It  has  also  become  popular 
because  of  its  simple  maintenance  and  operation.  Between  a 
natural  convection  solar  dryer  and  a  forced  convection  dryer,  the 
former  is  more  suitable  and  is  one  of  the  oldest  types  of  dryers 
available.  It  consists  of  a  collector,  a  transparent  sheet,  and  a  unit 
for  drying;  it  is  covered  by  a  shade  on  top.  These  parts  are 
connected  in  a  series,  comprising  a  system  that  can  obtain  very 
satisfactory  drying  rates.  This  type  of  model  was  first  introduced 
by  Oosthuizen  9]. 

A  mathematical  model  for  simulating  an  indirect  natural 
convection-type  solar  dryer  for  rough  rice  drying  has  been 
reported  by  Bala  and  Woods  [48  .  They  also  developed  a  technique 
and  discussed  the  performance  for  optimizing  the  dryer.  Increas¬ 
ing  the  capacity  of  drying  using  this  dryer  is  possible  using  a  solar 
air  heater,  as  shown  in  Fig.  6.  For  agricultural  drying  purposes,  they 
investigated  the  implementation  of  this  system  to  ensure  food 
preservation  in  rural  areas.  They  also  presented  the  performances 
of  different  kinds  of  solar  dryers  and  primary  HTA  [49]. 

A  direct-type  natural  convection  solar  dryer  is  designed  and 
constructed  using  wood,  blades  of  glass,  and  locally  available 
metals.  This  dryer  has  been  experimentally  tested  for  drying 
agricultural  goods.  To  predict  drying  effectiveness,  it  is  important 
to  determine  some  parameters  such  as  ambient  temperature,  air 
mass  flow  of  drying  system,  and  incident  heat  fluxes.  Solar 
incident  radiation,  air  mass  flow,  and  effectiveness  have  been 
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Fig.  4.  Isometric  illustration  of  the  mixed-mode  solar  dryer. 


Fig.  5.  A  mixed-mode  solar  dryer  [40]. 
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Fig.  6.  Indirect  natural  convection  dryer. 
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Fig.  7.  Schematic  diagram  of  a  drying  cabinet  used  for  a  custard  powder  drying 
system  [58]. 


analyzed  in  a  previous  work  to  evaluate  the  thermal  (heat  and 
mass  transfer)  performance  of  the  dryer  [40].  Garg  and  Kumar 
presented  a  semi-cylindrical  natural  convection  solar  tunnel  dryer 
and  estimated  its  performance  under  force  circulation  mode. 
They  found  that  the  flow  rate  and  inlet  temperature  improve  in 
relation  to  the  length  and  radius  of  the  collector  [50  .  A  feasible 
convectional  dryer  with  solar  chimney  was  described  by  Ferreira 
at  al.  [51  which  is  used  for  drying  all  kinds  of  agricultural 
products. 

However,  the  natural  convection  solar  drying  system  has 
a  limited  capacity.  Moreover,  the  drying  rate  is  delayed  and 
highly  dependent  on  atmospheric  conditions  because  of  a  little 
float  for  inducing  air  flow  inside  the  dryer,  thus  reducing  the 
quality  of  the  drying  products  especially  in  adverse  weather 
conditions  [52]. 

A  new  type  of  solar  dryer  has  been  designed  and  tested  by  Later 
Ezeike.  This  dryer  has  a  very  simple  design  and  provides  high 
efficiency  in  ambient  atmosphere.  It  consists  of  a  flat  plate  air 
collector,  a  drying  cabin,  and  a  dehumidification  chamber.  It  is 
used  in  the  low-isolation  period  because  of  its  additional  heat 
gain  by  two  wall  collectors  in  the  cabinet  in  order  to  contain  the 
desiccant,  which  is  a  type  of  silica  gel  placed  in  the  dehumidification 
chamber  53]. 

2.6.  Forced  convection  solar  drier  (active  mode  solar  dryer) 

Electricity  is  needed  to  operate  the  fans  of  a  forced  convection 
solar  dryer.  However,  many  rural  areas  either  have  no  electricity  or 
have  to  incur  high  costs  to  generate  the  electricity  used  to  run  this 
type  of  dryer.  Therefore,  these  types  of  dryers  are  not  widely 
applicable  in  many  developing  countries.  To  avoid  the  above- 
mentioned  disadvantages,  a  natural  convection  solar  dryer  may  be 
used.  This  type  of  dryer  is  not  dependent  on  electricity  like  a 
forced  convection  solar  dryer.  Its  advantages  include  low  energy 
cost,  ideal  shrinkage  in  the  drying  period,  better  drying  capacity, 
minimization  of  mass  losses,  and  good  quality  of  the  dried 
products. 

For  drying  shelled  and  unshelled  pistachio  samples,  the  least 
square-method  has  been  applied  in  the  solar-assisted  drying 
system.  This  kind  of  solar  dryer  is  more  appropriate  for  drying 
pistachios  in  ambient  temperature.  The  shelf  temperature,  weight 
loss  of  sample,  ambient  moisture  content,  and  distribution  of  solar 
radiation  are  accurately  measured,  and  the  pistachio  samples  are 
perfectly  dried  in  the  assisted  forced  convection  dryer  [54]. 

An  analytic  model  of  a  cabinet-type  solar  dryer  has  been  designed 
and  evaluated  based  on  its  performance  in  terms  of  heat  and  mass 


transfer  phenomena,  wind  speed,  relative  humidity,  product  thick¬ 
ness,  and  so  on.  This  model  is  suitable  for  predicting  the  temperature 
and  moisture  content  under  control  and  constant  rate  [55  . 

A  batch  type-solar  drying  system  has  been  proposed.  Its  drying 
performance  is  predicted  using  drying  rate,  drying  temperature, 
and  moisture  content,  which  are  time  dependent.  This  system 
allows  for  the  shrinkage  of  particles.  Air  temperature  is  necessary 
to  complete  the  drying  process,  and  all  its  existing  parameters  are 
independent [56  . 

An  indirect-type  forced  convection  dryer  is  integrated  to 
various  realistic  heat  storage  metals.  The  drying  system  consists 
of  a  flat  plate-shaped  solar  air  heater  with  a  heating  storage  unit,  a 
drying  chamber,  and  a  centrifugal  blower.  This  type  of  dryer  is 
used  under  atmospheric  conditions  for  chili  drying  [57  . 

Arata  and  Sharma  developed  and  investigated  a  forced  convec¬ 
tion  cabinet  solar  dryer  and  found  the  best  suitable  low-cost  food 
preservation  technology.  Very  simple  tools  as  well  as  competi¬ 
tively  cheap  and  locally  found  materials  are  used  to  construct  this 
type  of  cabinet  dryer  [58  . 

Curvelo  Santana  et  al.  [59]  described  an  air  convective  dryer 
and  simulate  its  kinetic  characteristics  and  drying  process  for 
optimization  using  genetic  algorithm.  Gupta  et  al.  described  on 
various  pre-treatments  applied  before  drying  and  their  influence 
on  drying  kinetics  as  well  as  product  quality  [60  . 

Fig.  7  shows  a  schematic  diagram  of  the  solar  force  convection 
dryer  designed  by  Pawar  et  al.  This  type  of  dryer  is  fuel  efficient  and 
yields  products  with  better  quality  than  those  processed  through 
open  sun  drying.  It  also  requires  a  shorter  time  period  to  dry  the 
products,  making  it  suitable  for  use  in  food  and  chemical  industries 
that  require  huge  amounts  of  processed  products  [61]. 

A  solar-assisted  drying  system  process  that  uses  the  most 
attractive  and  cost  effective  materials  is  commonly  used  in  the 
agricultural  and  marine  sectors.  Solar-assisted  drying  systems  are 
highly  efficient,  with  an  integrated  life  span  and  storage  capacity. 
Two  types  of  collectors,  namely,  air-  and  water-based  collectors, 
are  used  in  this  system.  In  the  water-based  collector,  a  water-to-air 
heat  exchanger  is  used.  Mumba  et  al.  designed  and  developed  a 
dryer  for  grains,  and  it  incorporates  PV-powered  air  circulation. 
For  controlling  air  temperature,  PV-powered  air  circulation  is  used. 
A  DC  current  is  also  used  in  the  air  heater  section,  and  this  fan 
gains  power  from  the  PV-powered  air  circulation  [62  .  A  two 
dimensional  diffusional  model  was  established  by  De  Lima  et  al. 
[63]  to  predict  the  simultaneous  mass  transfer  and  shrinkage 
during  drying  of  solids. 

Table  1  shows  the  different  types  of  solar  dryers  which 
discussed  in  this  article. 
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Table  1 

Findings  of  different  solar  dryers. 


Name  of  solar  dryer 

Name  of  designers 

Findings 

Direct  solar  dryer 

Muhlbauer  [27] 

Ondier  et  al.  [30] 
Al-Juamily  et  al.  [32] 

This  is  one  of  the  simplest  solar  dryer  of  low  capacity 

Solar  radiation  is  the  main  source  and  overcome  the  discolorness  of  the  crops 

Temperature  is  the  main  factor  on  drying  rate  and  in  off  shine  hours  the  drying  technology  is  affected 

Indirect  solar  dryer 

Goyal  and  Tiwari  [33] 
Sharma  et  al.  [34] 
Sharma  et  al.  [35] 
El-Sebaii  et  al.  [37] 

Reverse  flat  plate  collector  was  used  and  gave  best  result 

High  quality  drying  products  get  by  producing  higher  efficiency 

It  is  available  for  small  farms  and  under  bad  weather  it  produces  good  quality  products 

The  drying  time  is  eminently  decreased  and  drying  efficiency  is  good 

Mixed  mode  solar 
dryer 

Exell  and  Kornsakoo  [7] 
Simate  [39] 

Zaman  and  Bala  [43] 
Zomorodian  et  al.  [44] 
Bala  et  al.  [47] 

Get  optimal  value  of  drying  sectors  using  computer  modeling 

Contains  separate  collectors  and  this  dryer  is  used  for  drying  crops  in  wet  season 

The  drying  rate  was  highest  and  this  kind  of  dryer  is  used  for  drying  rough  rice 

This  dryer  gives  satisfactory  result  for  best  drying  efficiency  and  moisture  content 

Artificial  network  is  used  and  predicting  the  potentiality  of  the  dryer 

Natural  convection 
solar  dryer 

Oosthuizen  [9] 

Garg  and  Kumar  [50] 
Later  Ezeike  [53] 

It  is  a  low  cost  solar  dryer  and  gives  vary  satisfactory  result 

It  is  low  cost  and  its  performance  is  satisfactory 

Design  of  this  dryer  is  very  simple  and  gives  high  efficiency 

Forced  convection 
solar  dryer 

Midilli  [54] 

Sodha  et  al.  [55] 

Ratti  and  Mujumdar 

[56] 

Arata  and  Sharma  [58] 
Pawar  et  al.  [61  ] 

Simple,  available  and  locally  found  materials  are  used  to  make  this  type  of  dryer 

Save  a  large  amount  of  fuel.  Product  quality  is  better  than  any  others  and  keeps  products  neat  and  clean 

In  ambient  temperature  this  kind  of  dryer  is  more  appropriate  for  drying  pistachio  and  sample  is  perfectly  dried  in  this 
dryer 

This  dryer  is  suitable  for  prediction  the  temperature  and  moisture  content  under  control  and  constant  rate 

The  parameters  of  drying  system  are  time  dependent  and  it  is  performed  to  predict  the  drying  rate 

3.  Applications  of  different  solar  dryers 

Direct  solar  drying  is  mainly  used  in  on-firming  sectors.  It  is  also 
suitable  for  small  farmers  in  rural  areas,  where  electrical  power  is  not 
available.  This  kind  of  dryer  is  more  efficient  in  drying  small  amounts 
of  crops,  fruits,  and  vegetables.  A  locally  made  indirect-type  natural 
convection  dryer  is  useful  for  drying  fruits  and  vegetables  in  rural 
areas.  A  solar  tunnel  dryer  can  be  used  for  drying  jackfruit  bulbs  and 
leather.  The  mixed-mode  dryer  is  cheap,  readily  available,  and  can  be 
easily  made  by  local  farmers.  Tomatoes,  mango  slices,  and  grains  can 
be  dried  using  this  dryer,  which  is  driven  by  a  fan.  Therefore, 
agricultural  products  are  dried  within  a  short  time  at  ambient 
temperature.  The  natural  convection  dryer  is  more  advantageous 
and  applicable  than  other  types.  Meanwhile,  the  low-cost  indirect- 
type  natural  convection  solar  dryers  are  used  for  drying  cassava, 
bananas,  and  rough  rice,  among  other  products.  The  forced  convec¬ 
tion  solar  dryer  is  used  in  small  firms  with  limited  financial  support 
from  large  industrial  sectors.  This  efficient  dryer  requires  a  short  time 
to  dry  products  and  is  built  to  last. 


4.  Conclusions 

This  paper  presents  a  study  on  the  design,  performance,  and 
application  of  various  types  of  solar  dryers  available  today.  The  types 
examined  are  the  direct,  indirect,  mixed-mode,  active,  and  passive 
solar  dryers.  This  paper  focuses  on  solar  dryer  models  that  are 
suitable  for  producing  high-quality  dried  products.  The  best  solutions 
to  solve  the  issues  associated  with  traditional  drying  (i.e.,  open  sun 
drying)  are  discussed,  along  with  the  ways  by  which  to  create  simple, 
inexpensive,  and  low-cost  solar  dryers.  We  also  discuss  some 
environmental  impacts  and  how  these  can  be  mitigated. 
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